The influence of solution treatment on precipitation behavior of AEREX TM 350 was investigated using hardness testing, TEM and SEM. Samples were solution treated at 1050 ºC and 1075 ºC for 1 hr and then aged at 700 ºC, 750 ºC and 800 ºC for 1,2,4,8 and 25 hrs. It was found that different solution treatment may be used for different applications of AEREX TM 350.
Introduction

AEREX TM
350 is a wrought Ni-Co base superalloy which was first developed as a fastener alloy and is a member of MULTIPHASE (MP) family of alloys which are thermo-mechanically processed and are used in structurally and physically demanding applications including aerospace and petrochemical industries. MP35N, the original member of the MP family, is commercially strengthened by cold working [1, 2] . Due to chemical composition of AEREX TM 350, the alloy benefits from precipitation hardening and solid solution strengthening as well as cold working and can be used in higher temperatures [3] .
Previous investigations on precipitation behavior of AEREX TM 350 have shown that the major phases in the alloy are γ′(Ni 3 AlTi) with L1 2 structure and η (Ni 3 Ti) with D0 24 structure [3] [4] [5] . Studies indicate that the γ′ phase is the major strengthening phase [3, 4] . Due to the very low carbon content of the alloy, carbides do not play an important role in strengthening. η phase appears at grain boundaries and in the grain interiors during high temperature aging and is generally plate shaped and nucleates along the (111) crystallographic planes of the matrix. S. Asgari has shown that the overaging increases the volume fraction of η [4] . It has been reported that η phase may enhance or deteriorates the mechanical properties of superalloys depending on its morphology [6] . It has also been shown that cold work prior to aging increases the volume fraction of η phase [7] . The goal of this study is to investigate the microstructure evolution during the precipitation behavior of AEREX TM 350.
Experimental Procedure
The alloy was supplied by SPS Technologies, Jenkintown PA, as hot rolled bars of AEREX TM 350 (45% Ni, 25 % Co, 17% Cr, 4% Ta, 3% Mo, 2% Ti, and 1% Al). Samples were cut from the as received material. Solution treatments were done at 1050ºC and 1075 ºC for one hour in argon atmosphere and subsequently water quenched. Solution treatment temperatures were selected according to η solvus temperature based on earlier work [4] . The solution treated samples were then aged at 700, 750 and 800ºC for 1, 2, 4, 8 and 25 hours in air and cooled to room temperature in air. Hardness tests were used to investigate the precipitation behavior. The samples were ground and polished before hardness testing and at least three indentations were made for each hardness measurement and the average is reported. For TEM studies, slices of about 0.4 mm in thickness were cut using an electric-discharge machine (EDM), and were subsequently ground to a thickness of 0.1 mm. Discs of 3 mm in diameter were cut from the thinned wafers and TEM foils were prepared by electropolishing these discs in a Struers Tenupol 5 jet-polishing unit using a solution of 50 ml H2SO4, 15 ml HNO3 and 220 ml methanol and a voltage of 12 volts at 6°C. A Philips CM200 TEM/STEM operating at 200 kV was used for transmission electron microscopy studies.
Results and Discussion
Tables Ι and Π show the hardness results of solution treated and aged samples. Figures 1 and 2 show the hardness curves for the samples solution treated at 1050ºC and 1075ºC , respectively. At all aging times, the hardness of samples solution treated at 1050ºC is generally higher than the samples solution treated at 1075ºC. The sharp increase in hardness of samples solution treated at 1050ºC for short aging times is followed by a steady but small increase in hardness for aging times longer than 4 h. The hardness of samples solution treated at 1075ºC increases steadily with increasing aging times.
Figures 3 and 4 show microstructures of samples solution treated at 1050ºC and 1075ºC respectively. Since 1050ºC is below the η solvus temperature, microstructure of the samples solution treated at 1050ºC consists of η phase while these precipitates were not found in samples solution treated at 1075 ºC. The η precipitates have formed at grain boundaries. Figure 5 shows a bright-field image of a sample solution treated at 1050ºC for 1 hr and aged at 800ºC for 25 hrs. Grain boundary η precipitates formed during solution treatment are clearly seen as parallel blocks aligned along certain crystallographic orientation of the matrix. The fine precipitates distributed rather uniformly throughout the matrix are γ' particles. Note the γ'-free zone formed around η precipitates. Figures 6(a) and (b) show a bright-field image and diffraction pattern of a sample solution treated at 1075ºC for 1 hr and aged at 800ºC for 25 hrs. These results clearly show the presence of γ' precipitates finely distributed within the FCC matrix. Hardness results show that for the same aging treatment, hardness of samples solution treated at 1050ºC are generally higher than hardness of samples solution treated at 1075ºC. Microstructural investigations showed that presence of η precipitates in the microstructure of samples solution treated at 1050ºC results in increased hardness of these samples. The initial sharp increase in the hardness of the samples solution treated at 1050ºC may be attributed to the local increase in the γ' forming elements in the supersaturated solid solution due to formation of η during the solution treatment. It has been reported that increasing the supersaturation by increasing the γ' forming elements enhances the rate of γ' growth [8] . At long aging times (more than 4 h) the rate of hardening is significantly diminished compared with that observed at shorter aging times. This may be related to the fact that at long aging times γ' coarsening and η lengthening occur simultaneously. In addition, η lengthening occurs at the expense of γ' particles. On the other hand, γ' precipitates dissolve in matrix and the solute atoms diffuse to incoherent tip of η precipitates results in lengthening of η precipitates. It is also consistent with the η lengthening results. The combination of these mechanisms may lead to a steady but small increase in hardness, as seen in Figure 1 .
Grain size measurements showed that increasing the solution treatment temperature by 25ºC results in grain growth from ASTM 8 to ASTM 7. This may be justified by the absence of η phase in samples solution treated at 1075ºC. Under this situation, grain boundary migration occurs more freely leading to an increase in final grain size of the material. As seen in Figure 5 , presence of η at grain boundaries hinders movement of grain boundaries. The origin of this resistance is believed to be due to the coherency of the η-matrix interface.
Based on microstructural results obtained in this investigation, it is proposed that different solution treatment temperature may be used for different applications of AEREX 350. Solution treatment of the thermomechanically processed alloy below the η solvus temperature improves the strength of the alloy while solution treatment at temperatures above the η solvus temperature improves stress rupture properties of the alloy.
Conclusion
Hardness results showed that the hardness of samples solution treated at 1050ºC was generally higher than the hardness of samples solution treated at 1075ºC. The hardness of samples solution treated at 1050ºC showed a sharp increase for aging times up to 4 h, followed by a steady but small increase for longer aging times, while the hardness of samples solution treated at 1075ºC increased steadily with increasing aging time. Image analysis investigations on samples solution treated at 1050ºC showed that η lengthening occurs during aging of these samples while thickness of these precipitates showed no changes during aging of these samples.
Microstructural studies showed that the size of γ' precipitates was larger in samples solution treated at 1050ºC compared to that solution treated at 1075ºC. This may be attributed to larger supersaturation in samples solution treated at 1050ºC. This may also justify the sharp increase in hardness of samples solution treated at 1050ºC at short aging times.
At long aging times, the combination of γ' coarsening, thermodynamic instability of γ' with respect to η phase and lengthening of η precipitates leads to steady but small increase in hardness of samples solution treated at 1050ºC.
Solution treatment of AEREX
TM 350 at 1050ºC results in precipitation of η phase at grain boundaries which may be used to control grain size at the expense of stress rupture life. Solution treatment at 1075ºC results in η-free processing which leads to increased stress rupture life.
Precipitation of η phase during solution treatment causes formation of serrated grain boundaries. This is attributed to the semicoherent interface formed between η and the surrounding matrix.
